Insulin and the burned patient

Heather F. Pidcoke, MD; Charles E. Wade, PhD; Steven E. Wolf, MD

Severe burns lead to insulin resistance, which is associated
with hyperglycemia and muscle wasting. Investigators showed
relatively recently that control of hyperglycemia with intensive
insulin treatment is associated with improved outcomes for those
in the intensive care unit, including patients with severe burns. In

this article, we review the actions of insulin in terms of glycemic

he discovery of insulin in 1921

by Banting and others was a

landmark event in the man-

agement and treatment of di-

abetes due to hyperglycemia. Since then,
insulin has become one of the most
widely studied of modern therapeutic
agents, and research continues at a fever-
ish pace in multiple fields of medicine. A
PubMed search done today using insulin
as a keyword returned 205,335 articles in
total; by contrast, adding burn returned a
mere 414 publications (0.2%); our under-
standing of the role of insulin in the
severely burned patient is in its infancy.
Hyperglycemia due to acute trauma
was first described in 1877 (1). Treatment
was expectant until recently due to the
belief that this was a beneficial “fight or
flight” response and should not be dis-
turbed, as the risks (hypoglycemia) out-
weighed the benefits. In 2001, Van den
Berghe and others (2) demonstrated a
marked reduction in mortality in patients
treated with intensive insulin to control
hyperglycemia, and since then the role of
insulin in the management of critical ill-
ness has become a topic of intense scru-
tiny and debate. A dialogue has emerged
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between those who believe that glucose
control (avoidance of hyperglycemia) is
primary in conferring survival benefit
and others who contend that insulin’s
pharmacologic effects, including those
other than glucose disposal, also contrib-
ute to improved outcomes; determining
whether the latter has validity is particu-
larly important to burn surgeons, who
battle the ravaging effects of hypercatabo-
lism and accelerated protein and lean
body mass loss. The origins of this debate
can be traced 3 decades back in the
search to define the role of insulin in
protein balance and the maintenance of
lean body mass in severely burned pa-
tients.

In 1975, Hessman and Thoren (3) re-
ported improvement in muscle glycogen
storage in burned rats after administra-
tion of exogenous insulin. In this study,
they produced a 20% total body surface
area burn in rats of which some were
given exogenous insulin immediately af-
ter injury. The authors found that glyco-
gen stores decreased by 20% in the liver
and 40% in muscle 30 mins after burn,
which was sustained 20 hrs after injury.
Insulin treatment improved glycogen
abundance in the muscle but had no ef-
fect in the liver. The authors speculated
that the overall findings of glycogen uti-
lization in liver and muscle might be due
to absolute or relative insulin deficiency;
however, in an article published the same
year, Hessman and Adolfsson (4) noted
that serum insulin concentrations in
burned rats were unchanged compared
with controls, suggesting that insulin re-
sistance was the culprit. Later, it was
recognized that increased proteolysis af-
ter injury was not diminished with in-

control and muscle metabolism, biochemical and clinical effects
of insulin treatment in the severely burned, and the vagaries of
glucose control. (Crit Care Med 2007; 35[Suppl.]:S524-S530)
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creased glucose infusion (5) or increased
protein delivery (6). Further studies dem-
onstrated that fasting levels of growth
hormone in burned subjects were signif-
icantly elevated despite fasting hypergly-
cemia compared with controls. Con-
versely, the growth hormone response to
hypoglycemia was lessened (7). From
this, it was postulated that an insulin
resistance probably exists following se-
vere injury.

The early 1980s saw new research that
refined the understanding of insulin ac-
tion in burned tissue and also systemi-
cally in burned patients. Investigators
demonstrated in a rat model that muscle
from burned limbs takes up glucose and
amino acid at a higher rate than muscle
from unburned limbs either in the same
animal or in unburned controls. Insulin
treatment increased glucose and amino
acid uptake in the unburned limb and in
controls but not in the muscle of the
burned limb, again suggesting insulin re-
sistance that in this instance was local-
ized (8). Severe burn was also shown to
cause an increase in both uptake of
amino acids and catabolism of intracellu-
lar proteins. Later studies using a model
that included a more severe burn demon-
strated that all tissues (injured or not
injured) exhibit similar catabolism and
changes in substrate uptake in the face of
major burn (9). In either case, exogenous
insulin was not found to increase uptake
of amino acids in burned tissue; however,
the hormone did mitigate protein degra-
dation. The net result was a decrease in
expected lean body mass losses following
severe burn with insulin treatment.

Muscle loss continues to be one of the
most significant long-term components
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of severe burn and one of the most diffi-
cult to treat, with very few effective ther-
apies available. Even of those therapies
shown to have a physiologic rationale,
none have been shown to confer actual
clinical benefit. An explosion in the field
of burn and trauma research along mul-
tiple avenues has failed to find a single
magic bullet in the fight against muscle
wasting; however, several drugs have
shown promise, including oxandrolone,
propranolol, and insulin. The latter con-
tinues to gain prominence in the critical
care literature as new research demon-
strates its usefulness not only as an ana-
bolic agent but also in reducing morbid-
ity and mortality in the intensive care
unit; this review will summarize what is
known about the actions of insulin and
its receptor, with a focus on its role in
burns.

Molecular and Physiologic
Effects of Insulin Resistance

Publications regarding intensive insu-
lin therapy focus primarily on functional
and clinical outcomes; however, a physi-
ologic and molecular understanding of
the hormone’s effects is important to ex-
plain observed phenomena. Glucose en-
ters cells via a family of facilitative trans-
porters, glucose transporter (GLUT)-1 to
GLUT-4, most of which are actually insu-
lin-independent. GLUT-4 is the principal
insulin-dependent glucose transporter
and is located mostly in intracellular spe-
cialized vesicles within hepatocytes, mus-
cle cells, and adipocytes (10). GLUT-4
transport is activated when insulin binds
to a subunits on the extracellular portion
of the insulin receptor, inducing auto-
phosphorylation of the B unit and con-
formational change. This action phos-
phorylates insulin receptor substrate-1,
activating phosphatidylinositol 3-kinase,
which induces the conversion of phos-
phatidylinositol (4, 5) phosphate to phos-
phatidylinositol phosphate;. This in-
creases intracellular tyrosine kinase
activity, specifically PDK1, Akt/PKB, and
mammalian target of rapamycin (MTOR)
(11). This activates multiple intersecting
cell signaling pathways to induce incorpo-
ration of the GLUT-4-containing vesicles to
the cell membrane, introducing channels
that allow glucose into the cell. Insulin-
mediated glucose uptake through GLUT-4
occurs primarily in the liver, skeletal
muscle, and adipose tissue (Fig. 1). Other
effects include activation of glycogen syn-
thesis, lipid synthesis, inhibition of lipol-
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Figure 1. Insulin receptor signaling. Insulin binds the « subunits, inducing B-unit conformational
change and phosphorylation. This induces an increase in tyrosine kinase activity through insulin
receptor substrate/phosphatidylinositol 3-kinase/phosphatidylinositol phosphate; signaling. Once
these signals are received, available glucose transporter (GLUT)-4 receptors are transposed onto the
plasma membrane to increase inward transport of glucose.

ysis and lipocyte apoptosis, and stimula-
tion of protein synthesis (11-15).
Protein is synthesized in the cell by the
translation of messenger RNA (mRNA) to
protein by the protein synthetic machin-
ery. Insulin affects this process in a num-
ber of ways. Studies showed that stimu-
lation of protein synthesis by insulin
takes place at several steps: stimulation of
transcription of specific genes (16, 17),
increasing stability of specific mRNAs
(18), promotion of mRNA translation (19,
20), increasing peptide chain elongation
rate (21), and activation of preexisting
enzymes necessary for the production of
protein (22). Acutely, insulin stimulates
protein synthesis without changing the
RNA content of the cell, meaning that the
first effect of insulin is enhancement of
translation. A second and later effect is to
increase protein synthetic capacity
through increased mRNA expression
(23). The effects on translation appear to
be through two different pathways acti-
vated by phosphatidylinositol 3-kinase.
Mammalian target of rapamycin (MTOR)
pathways are responsible for 4E-BP-1
phosphorylation with insulin stimula-
tion, which causes dissociation from eu-
karyotic initiation factor-4E, allowing it
to form the mRNA cap structure required

for protein synthesis (24). Insulin also
activates mRNA translation through gly-
cogen synthase-3 by regulating eukary-
otic initiation factor-2B, a factor that al-
lows eukaryotic initiation factor-2 to bind
guanosine triphosphate and met-transfer
RNA to the 40S ribosomal subunit, which
is required for every translation event
(25).

The mechanism by which insulin reg-
ulates specific mRNA expression remains
unclear. The current notion is that insu-
lin regulates the initiation of gene tran-
scription through the activation of spe-
cific nuclear DNA binding proteins,
perhaps through specific activation within
the mitogen-activated protein kinase
pathways. The binding of such proteins to
insulin-responsive elements on genomic
DNA activates the transcription of target
genes. The role of changes in insulin-
responsive element binding in insulin-
induced changes in muscle after injury in
vivo is not known. Data from our labora-
tory with high-dose insulin treatment af-
ter severe burn suggest that approxi-
mately 40 genes have increased expression
while 10 have decreased expression (SE
Wolf, personal communication). Much
more work will be required to elucidate
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the role of these changes in clinical out-
comes.

Some inhibition of the previously
mentioned pathways after severe injury
has been noted for some time; for in-
stance, hyperglycemia was associated
with traumatic injury in the 19th century
(1). Insulin resistance is described in a
variety of acute conditions, and the pres-
ence of this phenomenon after severe
burn is well recognized by all experienced
practitioners. Overall glucose cellular up-
take is not decreased, primarily because
of increased transport through insulin-
independent GLUT transporters. How-
ever, relative uptake of glucose via acti-
vation of insulin-dependent receptors
(GLUT-4) in the liver, skeletal muscle,
and adipose tissue is significantly im-
paired despite elevated insulin levels.
Substrate mobilization by glycogenolysis
and gluconeogenesis is similarly up-
regulated in the face of high serum glu-
cose (26).

The complete mechanism of insulin
resistance has yet to be defined; auto-
phosphorylation and relative inactivation
of insulin receptor B subunits and other
effectors downstream, including Akt/
PKB, occurred in rat burn models, sug-
gesting this as a possible mechanism. In
these studies, initial insulin binding to
the receptor a units was preserved (26,
27). Similar findings were shown in a
mouse model, as severe burn produced a
marked reduction in phosphorylation of
insulin receptor substrate-1 and de-
creased Akt kinase activity (28). Other
possibilities include phosphorylation of
insulin receptor substrate-1 or phospha-
tidylinositol 3-kinase by MTOR or other
mediators, which could be viewed as feed-
back inhibition gone awry. Therefore, in-
hibiting activation of Akt/PKB regulates
skeletal muscle growth or loss, providing
a link between insulin resistance and cat-
abolic muscle wasting in burns (27).
Other pathways may also be involved as
well. Use of an angiotensin II blocker in
rats reversed burn-induced insulin resis-
tance, suggesting that RAS plays a role in
this response (29).

Effect of Severe
Burn—Catabolism and
Hyperglycemia

Severe burns and injury cause a hy-
permetabolic state associated with pro-
tein losses that can persist for up to 9
months after injury and result in signifi-
cant reduction of lean body mass (30).

5526

Both muscle protein breakdown and syn-
thesis are increased in burn catabolism;
however, degradation exceeds synthesis,
resulting in net protein losses (31). The
principal defect is an accelerated rate of
protein breakdown with a failure of com-
pensatory synthesis, resulting in a de-
crease in net protein synthesis (muscle
protein synthesis minus muscle protein
breakdown). The amount of protein loss
and catabolism were found to be associ-
ated with body weight before injury, se-
verity of injury (total body surface area
burned), time to definitive treatment, and
the development of sepsis (32). A de-
crease in lean body mass of 10% to 15%
leads to delayed wound healing and in-
creased infections (33); a 25% reduction
of total body nitrogen is associated with
higher mortality. Hyperglycemia and ca-
tabolism leading to protein losses are
linked to immune dysregulation, increas-
ing susceptibility to sepsis and multiple
organ failure. After severe burn, catabo-
lism of lean muscle protein persists for
6-9 months after injury and affects both
the acute and convalescent phases. In the
critical care setting, severe catabolism
can produce a weakened state, delaying
recovery, prolonging ventilatory depen-
dence, and reducing mobilization (34).

Insulin resistance following severe
burn demonstrated in animal models dis-
cussed previously is present also in hu-
man patients. Altered glucose utilization
due to insulin-resistant states results in
persistent hyperglycemia, which in turn
is associated with greater catabolism; el-
evated blood glucose levels increase efflux
of amino acids, while insulin administra-
tion decreases this effect (35, 36). To dis-
cuss muscle catabolism after protein
breakdown, the role of amino acid trans-
port into and out of the muscle cell must
be included. Amino acids in the cytosol
from protein breakdown have two fates:
transport out of the cell or reincorpora-
tion back into protein. After burn, amino
acids from protein breakdown are trans-
ported out of the muscle cell to a rela-
tively greater extent than they are rein-
corporated back into protein. Inward
transport of amino acids does not in-
crease to compensate. The increase in
breakdown and outward transport of
amino acids compared with decreased
synthesis and inward transport results in
net muscle protein loss. Using a three-
pool model that measures protein synthe-
sis, protein breakdown, and amino acid
fluxes into and out of the cell, it was
demonstrated that, in fact, both protein

Muscle Cell
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Amino Acids
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Figure 2. Changes in amino acid flux between
three pools (plasma or extracellular space, free
amino acids in the intracellular space, and amino
acids bound in protein) after severe injury. In-
creased protein breakdown increases availability
of free amino acids in the intracellular space,
which in turn leave the cell to a greater extent
than they return. To alleviate this condition,
strategies would be to increase inward transport
of amino acids to match outward transport, in-
crease protein synthesis so that amino acids in
the cell go back into protein rather than leave, or
decrease protein breakdown.

synthesis and protein breakdown are
stimulated in human muscle after severe
burn (37). However, increases in break-
down outweigh increases in synthesis.
The amino acids from breakdown are di-
rected to outward transport with related
ineffective compensatory synthesis.

Strategies to decrease net protein loss
from muscle cells then could be directed
in three fashions. The first would be to
increase inward transport of amino acids
(Fig. 2, 1); the second, to stimulate syn-
thesis using amino acids released from
breakdown as the principal substrate
(Fig. 2, 2); and the third, to inhibit in-
creased breakdown (Fig. 2, 3). Decreasing
outward transport of amino acids is not
physiologically possible with breakdown
held at rates greater than synthesis.

A number of anabolic hormones have
been used effectively to abrogate muscle
catabolism in patients after severe injury
when given over a portion of the hospital
stay. These agents include insulin (37,
38), growth hormone (39), insulin-like
growth factor-I (40), oxandrolone (41),
and testosterone (42). Of these, insulin
appears to be the best candidate for use to
increase net protein synthesis during
hospitalization after severe injury for sev-
eral reasons. First, it is less expensive
than growth hormone and insulin-like
growth factor, thus providing a fiscal
benefit. Second, it has a well-established
side effect profile, which is limited pri-
marily to hypoglycemia. Third, hypergly-
cemia is prevalent in the severely injured,
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which has been shown to have deleteri-
ous effects. In fact, it was shown that
hyperglycemia in burned patients was as-
sociated with increased mortality due to
infection (43). Treatment with insulin,
then, may have secondary benefits to im-
prove outcomes by decreasing serum glu-
cose levels. Fourth, insulin may have
other benefits in addition to effects on
muscle metabolism. In November 2001,
van den Berghe and her colleagues (2)
reported in the New England Journal of
Medicine that intensive insulin therapy to
maintain blood glucose <110 mg/dL re-
duced morbidity and mortality in criti-
cally ill patients. This study was designed
to answer whether hyperglycemia and
relative insulin deficiency during critical
illness confer a predisposition to compli-
cations. The investigators found that of
the 1,548 enrolled subjects in a surgical
intensive care unit, those receiving insu-
lin therapy had a 32% mortality risk re-
duction. This risk reduction was realized
primarily by those in the intensive care
unit for >5 days. The insulin-treated sub-
jects also required less ventilatory sup-
port, required less renal replacement
therapy, and had fewer episodes of sepsis.
As a point of reference, the treated sub-
jects (adults) received a mean of 71 units
of insulin per day (~3 w/hr), compared
with the controls, who received a mean of
33 units of insulin per day (~1.5 p/hr).
Insulin treatment improves net pro-
tein synthesis in the severely burned,
principally through improved muscle
protein synthesis. Although controversy
exists as to whether insulin is effective as
an anabolic hormone through increasing
protein synthesis or decreasing protein
breakdown, we believe that the methods
and experimental protocols used in the
various studies bear consideration when
evaluating this topic (44). Many of the
apparent discrepancies in the literature
on human subjects simply reflect the lim-
itation of the traditional balance tech-
nique, in which the rates of muscle pro-
tein synthesis and breakdown are
estimated from the arteriovenous differ-
ence of concentration and enrichment of
an amino acid tracer. The general appli-
cation of the limb balance method mea-
sures the rate of disappearance (R,) of the
tracer amino acid from the blood and the
rate of appearance (R,) of the tracer amino
acid into the blood. When an essential
amino acid is used that is neither metab-
olized nor produced in muscle, such as
phenylalanine, Ry and R, have some rela-
tion to muscle protein synthesis and
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breakdown. However, when interpreting
the results from such studies, it is impor-
tant to understand that Ry and R, are not
direct measures of protein synthesis and
breakdown, respectively. Rather, R, is a
reflection of protein synthesis from
plasma amino acids, and R, represents
the appearance of amino acids in the
plasma from protein breakdown (45). To-
tal protein synthesis is the sum of Ry plus
protein synthesis using intracellular
amino acids originating from protein
breakdown. Respectively, total protein
breakdown is the sum of R, plus the
amino acids that were released by protein
breakdown and directly reincorporated
into protein (i.e., protein synthesis) be-
fore they appeared in the plasma. There-
fore, the interpretation that insulin treat-
ment improves net protein synthesis by
decreasing protein breakdown (| R,)
may be in error because reincorporation
of intracellular amino acids from stimu-
lated protein synthesis is falsely inter-
preted as decreased protein breakdown
(i.e., decreased R,). These data are also
consistent with what is known about in-
tracellular insulin signaling, which has
shown that insulin stimulates protein
synthesis by increasing translation of
mRNA through protein kinase B phos-
phorylation (19). No similar effects on
protein breakdown pathways have been
identified.

In a study in the severely burned where
all the fluxes were measured in addition to
R, and Ry, maximal hyperinsulinemia
with plasma insulin levels >7.6 mU/mL
for 4 days in severely burned adults stim-
ulated leg muscle protein synthesis by
>200% (37), thus showing that indeed
insulin treatment stimulated muscle pro-
tein synthesis. Using intracellular enrich-
ment measurements, it seemed that the
bulk of amino acids used for the stimu-
lated rate of synthesis came from protein
breakdown. However, the investigators
also found an increase in inward trans-
port of amino acids into the cell with this
treatment. Curiously, insulin treatment
also increased protein breakdown, but
the increases in synthesis were sufficient
to result in improved net protein synthe-
sis. Thus insulin affected catabolism at
these high doses by both increasing pro-
tein synthesis and increasing inward
amino acid transport. A caveat to this
study was that these subjects required
approximately 5000 extra calories per day
above calculated needs as glucose to
maintain euglycemia at this very high
insulin dose. It was shown that when

insulin was given at submaximal doses
that required no additional calories to
usual feeding regimens to maintain eug-
lycemia, the insulin effect on stimulated
protein synthesis was spared. The in-
crease in protein synthesis was realized
by greater utilization of intracellular
amino acids from protein breakdown
without affecting inward amino acid
transport (38).

These studies serve as cornerstones to
define the mechanism of insulin effects
on muscle protein metabolism after se-
vere burn. At high doses, insulin stimu-
lated net protein synthesis with amino
acid substrate from increased inward
transport of amino acids and increased
intracellular availability of amino acids by
increased protein breakdown. At lower
doses, insulin stimulated synthesis by us-
ing intracellular amino acids provided by
protein breakdown, thus improving the
efficiency of the protein synthetic ma-
chinery in the muscle cell. At this lower
dose of insulin, amino acid transport out
of the cell was abrogated by increased
synthesis (with a decreased R,), thus leav-
ing more protein within the cell to im-
prove net muscle protein synthesis. This
notion was confirmed when insulin treat-
ment at similar doses given throughout
the hospital stay in severely burned chil-
dren decreased length of hospital stay and
improved lean body mass in body compo-
sition measurements (46).

In 1989, Jahoor et al. (47) used a eu-
glycemic hyperinsulinemic clamp in
combination with a leucine isotope infu-
sion to show that increased levels of the
hormone decreased protein catabolism,
in agreement with the previously men-
tioned studies. Later, this was found to be
due to insulin stimulation of protein syn-
thesis; amino acid transport from the cell
into the intracellular space decreases and
export increases (31, 37, 48). Euglycemic
hyperinsulinemic insulin clamps over the
period of a week in the severely burned
reduce muscle catabolism; however, this
requires significant calories in excess of
presumed metabolic requirement. One of
the primary risks of overfeeding is the
development of fat metabolism derange-
ments; however, liver dysfunction ap-
pears to be prevented by the effects of
insulin on hepatic fat synthesis (49).
Aarsland and his colleagues (49) showed
that insulin therapy increased the pro-
portion of de novo synthesized fatty acid
in very low density lipoprotein triglycer-
ide, the principal export mechanism of fat
from the liver, by 200% with a corre-
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sponding decreased appearance of fatty
acids from peripheral lipolysis. This indi-
cates that the peripheral release of fatty
acids after severe trauma represents a far
greater potential for hepatic lipid accu-
mulation in burn patients than endoge-
nous hepatic fat synthesis, even during
insulin therapy.

Initially, insulin clamps were studied
at very high doses; recent studies have
shown that lower and therefore safer
doses demonstrate commensurate bene-
fits in increased protein synthesis in the
muscle (38). Of late, in a rabbit model, it
was found that insulin at similar doses
also stimulated protein synthesis in the
skin as well as muscle (50, 51). This is
consistent with the earlier finding of ac-
celerated donor site wound healing in the
severely burned treated with high doses
of insulin (52). This is of course of great
interest in the severely burned, whose
recovery is often limited by the rate of
wound healing. It was also shown in the
rabbit model that anabolic effects in the
skin and muscle can be augmented by
concurrent administration of exogenous
amino acids (51). The effect of both in
this study was greater than either alone.

Insulin for Glucose Regulation
After Severe Burn

In the critical care literature, evidence
is mounting that hyperglycemia is asso-
ciated with poor outcomes, and glucose
control with insulin is beneficial. Less has
been done in the field of trauma and burns.
Numerous publications showed that ad-
verse outcomes are correlated with hyper-
glycemia; however, studies that examine
the effect of tight glycemic control with
insulin are limited in size and scope (53—
59). Nowhere is this more true than in
the field of severe burn, where work has
been almost exclusively in children.
Holm and others (60) published a single
observational study in adults demonstrat-
ing that hyperglycemia in the first 48 hrs
after injury appears to correlate with ad-
verse outcome. In the pediatric burn lit-
erature, several studies showed that hy-
perglycemia is correlated with increased
catabolism, bacteremia/fungemia, skin
graft loss, and mortality, while intensive
insulin was positively correlated with sur-
vival (35, 43, 61). Investigators demon-
strated attenuation of the systemic in-
flammatory response syndrome with
insulin therapy targeted to keep blood
glucose between 120 and 180 mg/dL;
compared with controls, treated subjects
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had lower serum cytokine levels and ex-
ogenous albumin requirement (62). De-
spite the paucity of related burn research,
intensive insulin protocols have become
commonplace. Mortality benefits demon-
strated by Van den Berghe and others are
compelling (2); however, more research
is needed to define benefits and risks in
the burn population. Regardless, because
of the findings described here and the
near universal application of the conclu-
sions of Van den Berghe and colleagues,
tight control of hyperglycemia has rap-
idly become the standard of care in most
burn units throughout the world. However,
what is not yet well established is exactly
how to attain and maintain euglycemia in
severe burns. Second, the question remains
whether the beneficial effects seen by glu-
cose control result from the elimination of
hyperglycemia or from the pharmacologic
effects of insulin.

The Case for Glucose Control
vs. Pharmacologic Insulin
Administration

The intense scrutiny of insulin as an
anabolic mediator in burn catabolism has
led some to speculate whether mortality
benefits seen in the Van den Berghe stud-
ies are due to the glycemic or anticata-
bolic functions or some combination of
the two (2); given the multiplicity of met-
abolic pathways triggered by the hor-
mone, discriminating between these ef-
fects in humans will not be an easy task.
In an elegant rabbit burn model, Dr. Van
den Berghe and colleagues (63) at-
tempted to answer this question. Animals
were randomized into one of four groups:
high glucose/high insulin, high glucose/
normal insulin, normal glucose/high in-
sulin, and normal glucose/normal insulin
blood levels. Mortality was higher in both
hyperglycemic groups regardless of insu-
lin level; however, myocardial systolic
function was improved in the presence of
high insulin and normal glucose levels.
Further research is needed to determine
whether similar findings are seen in hu-
man subjects.

Future Areas of Research

Insulin is one of the most intensely
studied of human hormones, and new
therapeutic applications continue to be
found; as these are found, new questions
arise. Implementation of intensive insu-
lin protocols has led researchers to rec-
ognize that variability in serum glucose

levels is a barrier to effective glycemic
control and may be prove to be a target of
therapy in itself (63-66). Other barriers
to intensive insulin protocols exist; cur-
rent methods of bedside glucose quanti-
fication are inadequate and may be insuf-
ficiently accurate to safely achieve narrow
glycemic target. Catabolic mechanisms
have been described that are unique to
severe burn and are not seen in sepsis or
trauma; the role of insulin in attenuating
burn hypermetabolism is well described,
but as its use in burn intensive care units
becomes commonplace, further research
is needed to define risks and benefits
unique to this population.
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